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Abstract 
This paper details the research and development of an automated vision system that enables biomechanical analysis 
of swimming skills, i.e. the start and turns, without the need for traditional manual digitisation techniques. Small, 
non encumbering swimmer worn markers were developed using an array of Light Emitting Diodes (LED’s). These 
markers were used to create a distinguishable feature that could be tracked throughout a video sequence. It was 
important that the markers worked in both under and over water environments to facilitate the analysis of both starts 
and turns.  
© 2009 Published by Elsevier Ltd. 
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1. Introduction
The use of technology in sports performance analysis is a rapidly increasing practise. Tools for analysis aim to 
provide useful information to supplement coach knowledge and improve feedback in the development of athletes. In 
swimming the use of subjective video analysis is widespread, however, to establish quantitative measures using 
vision currently requires post processing of video data via manual digitisation techniques. Such techniques demand 
high input costs in terms of time and operator skills to ensure reliability and repeatability and suffer from variability 
as a result of the reliance of human judgement. The time cost especially, limits the use of such analysis to isolated 
sessions, and the depth of analysis undertaken to a small number of specific measures. In the turning phase of 
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swimming it is difficult to use vision for complex biomechanical analysis due to distortions as a result of bubbles in 
the field of view and the overlapping of body parts. Athletes are able to respond and adapt performance better if 
feedback to the athlete, for example regarding issues with their technique, is supplied at the time of the event [1] and 
it has been found that supplementing verbal feedback with visual feedback increases an athlete’s ability to 
effectively make changes ( [2], [3], [4]). For this reason it is a key requirement that feedback is supplied to the 
athlete as close to the time of observation as possible to optimise the adaptation possible the swimmer. A system that 
is capable of measuring quantitative measurements from vision in a consistent and time efficient manner would 
enable more thorough analysis of swimming technique, more of the time. 
Image processing systems are built up from a set of core components that are tailored for the specific application, 
namely these are the computer, storage, image display, camera and image processing software. Central to the 
system is the camera, decisions made regarding this element impact directly on all other system components. 
Typical considerations for camera selection include colour or monochrome, frame rate, resolution and field of view. 
Within the swimming application there are a number of different requirements for camera specification, i.e. for 
starts, free swimming and turns.   
Figure 1: Histograms of different features within a single image 
An image can be separated into its individual colour channels for thresholding, i.e. a colour image is made up of 
three images combined together to give the resultant composite image. Each of the separate colour channels contain 
information regarding the number of pixels in the image occurring at different intensities. The intensity range is 
given on a scale of 0-255. In a black and white image 0 would represent the black pixels and 255 the white, with a 
range of grey scale between them. Image histograms give a graphical representation of the tonal distribution within 
an image.   
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An image histogram supplies  information about an image and gives an indication of whether a certain component of 
the image, e.g. a swimmer or specific marker feature, can be easily discriminated. By generating histograms for an 
area of interest (AOI) it’s occurrence within the background histogram can be considered. In the example, figure 1, 
three individual features in the image have been isolated, namely the swimsuit the swimmer is wearing, the start 
block and the water.  Comparing the histogram for each of the features to the background histogram it becomes 
apparent where features are clearly present within the background and where they may be lost in the noise. The 
swimsuit in this example appears to create a clear feature within the background histogram and therefore it may be 
considered that it will be possible to isolate this feature from the background. 
The image histogram of an AOI can also be used to determine appropriate threshold boundaries for each colour 
channel. By locating peaks in colour intensity and thresholding about these peaks for each of the channels allows the 
AOI to be segmented in colour space. Recombining the thresholded channels produces a binary image of the AOI. 
The success of this process is determined by the ability to distinguish the feature from the background 
characteristics. 
2. Development 
This paper details the research and development of an automated vision system that enables biomechanical analysis 
of swimming skills, i.e. the start and turns, without the need for traditional manual digitisation techniques. Two 
areas of development were undertaken to enable the design of a robust image processing system for the analysis of 
swimming start performance, namely these were marker hardware and algorithm development. Small, non-
encumbering swimmer worn markers were developed using an array of Light Emitting Diodes (LED’s). These 
markers were used to create a distinguishable feature that could be tracked throughout a video sequence. Iterative 
steps were taken to ensure an optimised solution. It was important that the markers worked in both under and over 
water environments to facilitate the analysis of both starts and turns.  
A red LED was chosen for the design, despite red light being the mostly highly attenuated colour in water, see figure 
2.  Although visible light at the blue/green end of the spectrum penetrate through the water to a greater degree, they 
are also the most prevalent colours within the background, i.e. the water. Therefore, it was concluded that the red 
LED would give the greatest potential for discrimination from the background over the lesser attenuated blue/green 
options. The chosen LED had a wavelength of 626mm and a viewing angle of 30°. By using an array of LED’s it 
was hoped that the directionality, determined by the viewing angle, of the marker would be minimised. 
The resulting marker was a band of LED’s spaced in rows of two at 10mm intervals, with every other row offset by 
5mm, figure 3. This design was manufactured onto flexible cirtuitry to allow it to be worn comfortably by the 
swimmer, for example on the wrist, figure 3. An 11A 6V cell battery, diameter 10mm, length 16mm, was used to 
power the LED band.  
Image processing algorithms were developed using image histograms to determine threshold parameters for the 
LED marker in Red, Green, Blue (RGB) colour space. Recombining thresholded colour channels created a binary 
image from which the markers could be tracked. This process was applied for both over and underwater camera 
footage, enabling the analysis of all aspects of swimming performance, i.e. starts, free swimming and turns.  
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Figure 2: LED specification marked on the spectrum of absorption of light in water  
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Figure 3: LED marker manufactured on flexible circuit board
2. Methods 
Two case studies are presented within the results section of this paper, regarding analysis of the start and turns. In 
each case the subject was asked to wear an LED marker, designed in house, on body landmarks, for the start this 
included the wrist, hip and ankle and for the turns a hip on the marker was used. Using algorithms developed in 
Matlab, the markers were tracked and subsequently performance measurements were derived. Image histograms 
were used to determine threshold parameters for the LED markers in both under and overwater views. 
3. Results 
Two starts were analysed using the LED markers mounted on the wrist, hip and ankle of the swimmer, figure 4. In 
this example, marker tracking was used to derive the angle of the swimmer at entry. It was found that using 
automated analysis the dive angles were 51.34° and 45.73° respectively, compared with 51.74° and 45.58° for hand 
measured techniques. The difference between each of the measurements were 0.4° and 0.15°. These differences can 
be considered insignificant given the intra-person variability of hand measurement, i.e. 1.1°. This was defined using 
a separate study whereby three subjects were asked to measure the same dive angle on 10 consecutive days. The 
variability of these measurements was used to define intra-person variability. The standard deviation of an 
individual was found to be 1.1°. The algorithm was also capable of estimating distance of entry to within 5cm of the 
hand measured equivalent, by outputting the horizontal distance of the wrist marker at the frame of entry. 
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Figure 4: Example of using LED markers for measuring  performance parameters of the start 
Turn analysis was undertaken for a number of turns performed by the same swimmer, who was new to tumble 
turning. The swimmer was asked to wear an LED marker on each hip while they performed their turns, during 
which time underwater video was captured. Using automated vision analysis methods the marker was tracked during 
each of the turns and the path was plotted on a single graph, figure 5. In addition to this the depth of foot contact was 
also plotted on the graph. It was observed that the swimmer presented low consistency in the position of wall 
contact, which demonstrates their lack of experience performing turns. 
A number of turns were analysed using marker tracking of the hip location of the swimmer. Plotting the recorded 
turns allowed their path to be analysed with regards to optimal technique. It has been stated that the ideal contact 
point of the feet on the wall should occur at between 0.3m-0.4m deep (Maglischo, 1993 [5]).  Data from the turns 
analysed reports that the swimmer is typically contacting the wall deeper than is considered ideal. Research has also 
reported that the ideal depth of the glide after the turn is between 0.4m-0.5m depth (Lyttle et al, 1998 [6]), as this is 
deep enough to minimise the level of drag from the water surface. The swimmer in this case did not appear to be in a 
settled glide position by 4m, typically at this stage they were a little deeper than the ‘ideal’. Increasing the field of 
view by another meter would help to give a better analysis of the glide phase.  
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Figure 5: Path of the hip in turning, using LED markers to track position 
Discussion 
The development of an automated vision system for use in the performance analysis of starts and turns in swimming 
has been discussed. A LED marker was developed and manufactured on flexible circuit board to provide a 
comfortable, wearable solution. It was found that this marker could be robustly segmented from the background to 
enable automated vision analysis to take place.
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